The electromechanical impedance method has been seen as a promising tool for structural health monitoring regarding different types of structures and purposes. Most importantly, this method can be used in real-time applications. Frequently, massive, high-cost, single-channel impedance analyzers are used to process the time domain data, aiming at obtaining the complex, frequency-dependent electromechanical impedance functions and therefore infer about the presence, position and extent of an existing damage. However, for large structures, it is desirable to deploy an array of piezoelectric transducers over the area to be monitored and interrogate these transducers successively, in order to increase the probability of successful detection of damage at an early phase. The literature describes many miniaturized systems that can monitor large structures, however, presenting serious restrictions on data acquisition capabilities. This paper presents a hardware that is not limited to any data acquisition restriction, exhibiting an innovative way to measure the electromechanical impedance of multiplexed bonded transducers. Each logical block of the proposed architecture is presented in detail. The proposed system not only avoids costly fast Fourier transform analyzers/ algorithms, but also evades high-speed data acquisition hardware. A prototype using inexpensive integrated circuits and a digital signal processor was built and tested for two different types of structures: an aluminum beam and an aircraft aluminum panel. Simulated damages were introduced to each structure, and the detection performance of the prototype was tested. The actual prototype uses a universal serial bus connection to communicate with a personal computer. described different techniques, such as eddy current, magnetic particle, and ultrasonic inspections. Although the mentioned NDE methods are very efficient, all of them require local inspections by expert personnel. Consequently, longer periods of non-flight and higher maintenance costs are expected. The method described in this paper is based on the electromechanical impedance (EMI), which is an ultrasonic technique that has been considered as one of the most attractive
INTRODUCTION
Structural health monitoring (SHM) can be understood as a detection strategy, which aims at identifying and locating damage in several types of structures (civil, naval, mechanical, aerospace etc.) . The study of different SHM techniques has attracted the interest of many research centers and industries willing to monitor the integrity of structures and prevent failures due to cracks, corrosion, delamination (composite materials) and several other types of damage. In many cases, the purpose is not only to increase structural reliability since the reduction of maintenance costs is also an important issue.
Considering SHM in the context of aircraft engineering, the monitoring systems have to be reliable, cost-effective and, most importantly, non-invasive. To reach these requirements, nondestructive evaluation methods (NDE) have been considered as promising tools in SHM systems, according to Sun et al. (1995) ; methods for monitoring systems. It is able to identify structural modifi cations (damage) by measuring the EMI of a PZT (leadzirconate-titanate) transducer, which is bonded to (or embedded into) the monitored structure.
PZT transducers are examples of piezoelectric materials, exhibiting electromechanical coupling characteristics. Th ese so-called smart materials have the ability to communicate between two diff erent domains. For example, if a PZT patch is attached to a mechanical structure, the mechanical impedance can be directly related to the electrical impedance. Th erefore, any change or fl aw in the analyzed mechanical structure can be interpreted by the PZT transducers, resulting likewise in changes of their electromechanical impedance. Due to high mechanical stiff ness, low mass and fast sensing response, piezoelectric materials are used in a wide range of applications. For instance, piezoelectric crystals are found in medical instruments, telecommunications and, more specifi cally, in transducer elements for accelerometers, various types of sensors, load cells, and so forth.
In the EMI technique, the PZT transducer is usually excited by a sinusoidal waveform with a low amplitude of approximately 1V RMS (eff ective voltage), at frequencies ranging from 30 to 250 kHz (Raju 1997) or even up to 1,000 kHz, depending on the structure and type of application (Giurgiutiu et al. 1999) . Lower frequency ranges cover a larger sensing area, whereas higher frequency ranges may determine the position of the damage (Sun et al. 1995) . One of the advantages of the highfrequency response is that, at these frequencies, the wavelength of the signal applied to the structure is short enough to detect even small and incipient cracks, which can potentially grow and cause catastrophic failures in aircraft structures (Park and Inman 2005) .
Th e essence of the EMI method is illustrated in Fig. 1 . Th e mechanical characteristic of the piezoelectric patch is indicated by its short-circuit mechanical impedance, Z a . Th e host structure is characterized by its driving point mechanical impedance Z s , which includes the eff ect of its mass (M), damping (C) and stiff ness (K) . Th e piezoelectric patch is excited by a sinusoidal voltage, V PZT , which generates a circulating current, I PZT . Th e entire electromechanical system is aff ected by the dynamics of the piezoelectric patch and the host structure (Liang et al. 1994) .
The solution of the wave equation for the PZT patch bonded to or embedded into the host structure leads to a frequency-dependent electrical admittance as given by Eq. 1 (Liang et al. 1994): where: Y(ω) represents the electrical admittance (inverse of electrical impedance); ω is the excitation frequency; is the complex Young's modulus of the PZT at zero electric fi eld; d 3x is the piezoelectric strain constant in the arbitrary x direction at zero stress; is the dielectric constant at zero stress; and a is a geometric constant of the PZT.
According to Park and Inman (2005) , considering Eq. 1, since all other PZT properties remain constant, only the external structure's impedance Z s (ω) may influence the global admittance. Hence, any change in the measured impedance signature (IS) can be interpreted as a structural modification.
In the PZT transducer's configuration, the relevant electromechanical couplings are in the 3-1 and 3-2 planes, since the mechanical stresses and strains are applied along the 1-and 2-directions, while the electric fi eld is applied along the 3-direction ( In accordance with Eq. 2, the strain induced in the patches generates an electric field that is captured as voltage at their terminals.
where:
S ijkl is the mechanical compliance of the material measured at zero electric field; ε jk is the dielectric permittivity measured at zero mechanical stress; d jkl is the piezoelectric coupling between the electrical and mechanical variables; E is the electric field; and T is the mechanical stress.
The real part of the EMI is mostly used to monitor the structure's health state inside the area covered by each PZT patch bonded to the structure. The integrity of the sensor may be verified by the imaginary part of the impedance (Giurgiutiu et al. 2002) .
As mentioned before, to collect the EMI signature of the monitored structure, a PZT patch can be bonded to or embedded into the structure and be used as a sensor-actuator device. By applying an AC excitation signal, the surface-bonded PZT patch can be considered to be a thin bar in axial vibration, therefore small deformations are produced in the patch and, consequently, in the structure as well. One end of the bar is held fixed, whereas the other end is connected to the external structure. This assumption (considering the interaction at two discrete points) is consistent with the mechanism of force transfer from the bonded PZT transducer to the structure (Park and Inman 2005) . From each PZT patch, a corresponding IS can be obtained. In order to better locate and identify damage in the host structure, the IS is obtained in the frequency domain.
To verify whether structural damage has occurred or is imminent to occur, it is initially necessary to measure the EMI of the structure in pristine condition, often called baseline. Then, the baseline is compared with future impedance signatures (FIS). There is a number of statistical algorithms used to quantify the difference between the baseline and FIS. This paper has chosen to use the correlation coefficient deviation (CCD), Eq. 3, to analyze the experimental results that are presented in later sections of this contribution (Palomino and Steffen 2009) .
n is the number of frequency points; Re(Z base,i ) is the real part of the baseline signature of the PZT impedance; Re(Z base ) is the mean value of the real part of the baseline's PZT impedance; Re(Z FIS,i ) is the real part of the signature's PZT impedance representing the damaged state; Re(Z FIS ) is the mean value of the real part of the signature's PZT impedance representing the damaged state; S base is the standard deviation of the real part of the baseline signature of the PZT impedance; S FIS is the standard deviation of the real part of the signature's PZT impedance representing the damaged state.
THE EMI MEASUREMENT PROBLEM
The simplest way to determine the electromechanical impedance of a smart structure (structure containing piezoceramic transducers) is to employ an impedance analyzer such as the HP4194A. However, this equipment costs about US$ 40,000 and weighs approximately 30 kg. There are other options that cost less than US$ 2,000 with limited functionality that could also be used; however, all of them are still bulky and heavy (weighting more than a few kilograms). Consequently, researchers have been looking for alternative ways to perform this task.
Since Sun et al. (1995) , different architectures have been proposed to measure the EMI, attempting to avoid cumbersome and expensive equipment. Some solutions are financially less costly and others focus on fast computational processing time. Peairs et al. (2004) , for example, studied hardware difficulties related to the EMI technique and proposed a low-cost approach that uses an operational-amplifier-based device (Fig. 3a ). This method improves the accessibility of impedance-based structural health monitoring (SHM) and does not utilize cumbersome equipment. Although the method has a great accessibility and is inexpensive (as compared to conventional impedance analyzers), it is still necessary to use digital signal analyzers equipped with fast Fourier transform (FFT) function, which limits the sampling frequencies. Moreover, the increase of the frequency (above 16 kHz) generates negative impedance signals, which represent massive errors in the phase measurement. The main reason for that is the very low data acquisition rate available for their data acquisition board (DAq), which is around 30,000 samples per second. The FFT algorithm can only generate precise results if the data points are acquired at a rate as large as two times the higher frequency presented in the acquired signal (Nyquist Theorem). When this is not the case, the phase displacement
calculated is higher than 90 degrees, and the real part of the PZT impedance becomes wrongly negative.
Lastly, only a narrow range of excitation frequencies is studied, due to limitations in the time processing and data acquisition rate of the FFT signal analyzer.
In order to enhance time processing issues, Giurgiutiu and Xu (2005) carried out studies regarding two diff erent excitation signals (frequency swept and chirp signal) with the purpose of accurately and effi ciently measure the EMI for SHM applications. Th e frequency swept signal has a spectrum smoother than the chirp signal; hence, it has better accuracy for impedance measurements. On the other hand, chirp signal generates undesirable ripples in the voltage and current spectra analyzed.
Despite this limitation, Baptista and Filho (2009) chose to use the chirp signal excitation. These authors used an arrangement composed by a spectrum analyzer, a DAq device, a PC with LabView and an auxiliary circuit to measure EMI and compared the results obtained with those from a conventional impedance analyzer, the HP 4219A ( Fig. 3c ). Very precise results are observed. Besides, the corresponding hardware can be easily assembled and can generate diff erent excitation signals. Also, diff erent metrics to evaluate structural damage can be implemented; fi nally, it can be easily applied to realtime applications. Th e main drawback of this approach is that it was carried out with a restricted sampling rate in the DAq device, which limited the excitation frequency range applied to transducers bonded to the structure.
Since FFT algorithms implemented in signal analyzers are expensive and digital signal processors (DSPs) with FFT capabilities lead to signifi cant computational costs and limitations, a number of authors have studied new solutions for these issues. For instance, Wang and You (2007) proposed a very simple method to measure EMI, which consists of a Wheatstone bridge circuit with diff erential amplifi ers ( Fig. 3d) , an external clock generator, a window comparator and a control circuit. Th e method does not utilize FFT analyzers, which reduces the price and the size of the equipment. Furthermore, a wide range of frequencies can be used. However, the authors worked with the impedance modulus, which is highly susceptible to temperature variations and may result in signifi cant errors if compared to a conventional impedance analyzer.
Furthermore, Koo et al. (2009) presented low-cost adaptations (transfer impedance and self-impedance approaches) to measure the absolute admittance by using a digital multimeter, a frequency ADC: analog to digital converter; x(t) and y(t): two waveforms of voltage varying in time; x(n) and y(n): digitalized x(t) and y(t); DFT: discrete Fourier transform; FRF: frequency response function. generator and a circuit similar to the one presented by Peairs et al. (2004) (Fig. 3b ). This method used step-by-step excitation and was able to avoid FFT analyzers, thus reducing further costs. The study had similar results as compared with those that use conventional impedance analyzers. However, bulky and cumbersome equipment was still used, thus reducing the portability of the monitoring device. Another method that shows interesting results is the one proposed by Pitropakis et al. (2012) , in which an unusual hardware was proposed. These authors utilize eddy current sensors for damage detection on medium to large critical areas on the aircraft, as based on the variation of the impedance of a coil sensor. The damage causes interruptions in the induced current of the coil sensor. This method is less complex to detect damage and has a simple data interpretation scheme, since it can investigate signals stemming from locations that are not directly connected to sensors. Besides, the hardware can be used in a wide range of frequencies from 1 kHz up to 1 MHz. However, it is only applicable to measure conductive materials, such as aluminum panels. Small depths and minor discontinuities parallel to the coil field are difficult to be analyzed. Furthermore, this method uses traditional Cypher spectroscopy equipment, also resulting in cumbersome and expensive equipment.
A few other researchers followed the same approach of using complex algorithms and even more complex instrumentation hardware. For example, Rosiek et al. (2010) presented the results of impedance measurements using multiphysics harmonics analysis coupled with the finite element technique. However, the complexity persisted. Wang and Tang (2009) presented an alternative solution to the finite element technique and used the spectral element method to locate and measure the damage, leading to better results in terms of computational accuracy and numerical efficiency, determining quite precisely the size and position of damage in mechanical structures.
Not only is the computational efficiency of SHM a major issue, but also the size and volume required by the equipment and wires represent an important design challenge. For this purpose, the use of wireless systems, as proposed by Mascarenas et al. (2007) , represents a good alternative. They used a miniature chip capable of measuring the impedance (AD5933), from Analog Devices Inc., with a 1 MS/s sampling rate. These authors focused on studying different aspects of wireless systems. Park et al. (2008) incorporated into their system a self-sensor micro fiber composite (MFC) patch to excite the structure in a frequency range of 60-70 kHz. Then, the authors proposed a data analysis procedure that incorporates the principal components analysis (PCA) algorithm and the k-means clustering algorithm. Since the original data set contains a large amount of information and correlated variables, the PCA algorithm is a statistical technique that takes a substantially smaller set of information eliminating external influences, such as temperature and humidity. Due to the use of this algorithm, the RMSD-based damage detection results are more reliable than the RMSD results obtained without the PCA data processing. Mascarenas et al. (2007) , on the other hand, presented a system whose powering source can be wirelessly delivered through radio communication. Although the proposed system is reliable and field-portable, only a narrow range of frequencies can be applied. The system is limited to 100 kHz, which hinders many SHM applications, according to Giurgiutiu et al. (2002) .
It is also noteworthy that SHM in real conditions should deal with external influences, especially because these external factors change the physical characteristics of the PZT transducers. An important factor is the temperature, whose variation affects PZT patch characteristics like permittivity, piezoelectric charge constant, electromechanical coupling factor, capacitance and resonant frequency of the longitudinal oscillation (Annamdas and Soh 2010) . Consequently, the EMI technique is affected by a combination of uniform horizontal and vertical translations in the impedance plots (Sun et al. 1995) . The disbond of the PZT transducer and temperature effects may cause similar variations in the susceptance signal and therefore the temperature changes have to be monitored and treated in the analysis (Overly et al. 2009 ).
Large structures, such as aircraft panels, have multiple sensors and each sensor is subjected to a different temperature. However, the effective frequency shift (EFS) technique to compensate the temperature effects does not analyze individually the sensors in the structure (Koo et al. 2009 ). Furthermore, for many sensors, the computational analysis of the EFS-based method in real-time could be critical. Hence, Baptista et al. (2012) presented an alternative technique to avoid the errors caused by these translations in the IS. The method consists in monitoring the temperature of each sensor through the shifts of the signature and compensating them with an opposite shift based on the real part of the SI, which is less susceptible to temperature effects. Then, the correlation coefficient deviation (CCD) and the correlation coefficient (CC) metrics are used in the measurement software. The calculation uses limited frequency ranges from 10 up to 30 kHz.
To overcome the problems in the transducer's dielectric as caused by temperature variation, the method proposed in the present contribution discards the imaginary part and works with the real part of the EMI, which is less sensitive to ambient conditions. However, the difficulties caused by temperature variation in the boundary conditions of the analyzed structure are still a matter of concern (Baptista et al. 2012).
PROPOSED EMI MEASUREMENT METHODOLOGY
The proposed measurement methodology is based on the following key points:
I.
No high computational cost algorithms are necessary in order to calculate each IS. Algorithms like the fast Fourier transform (FFT) are not required. II. No high sampling rate of digital acquisition hardware (DAH) is necessary. The process of digitalizing the parameters describing the measured impedance at each frequency point of the IS is not dependent on any aspect of the DAH frequency range. III. No specialized instrumentation hardware is required.
The proposed system (hardware and software) performs the proposed task without requiring third party hardware and/or software packages. IV. An array of PZT transducers is used to monitor and better localize possible damage in large structures. Key points # I and II represent the weak-spot of all impedance measurement methods based on time and/or frequency domain processing. The proposed measurement methodology overcomes these problems by allowing the proposed hardware to deal directly with the process of calculating the EMI parameters, without requiring complex instrumentation architectures (key point # III).
Key point # IV is directly related to the SHM problem applied to large structures. The proposed hardware shall employ a multiplexed array of PZT transducers in order to individually communicate with the instrumentation system.
The following section explains how EMI parameters can be directly calculated by the proposed instrumentation system.
EMI PARAMETERS
The EMI can be represented as a simple resistor-capacitor (RC) circuit connected in series with a sinusoidal excitation applied by the instrumentation hardware (Fig. 4a ), since the PZT transducers are predominantly capacitive devices. Due to the applied excitation at a given frequency, V(ω), a phase shifted current will circulate through the EMI (Fig. 4b) . Eqs. 4 and 5 describe mathematically these waveforms. where: ω is the excitation frequency; ν(ω,t) is the time variant voltage waveform; t means time; i(ω,t) is the time variant current waveform; I(ω) is the effective current at frequency ω; θ is the phase displacement between ν(ω,t) and i(ω,t).
The total impedance of the EMI is a complex number, which is dependent on ω. Equations 6 and 7 define Z a .
where: f is the excitation frequency [Hz]; i is the imaginary part; X c is the capacitive reactance. The SHM problem relies mainly on R(ω) , which is a function of ω due to the electromechanical coupling between the PZT patch and the monitored structure .
(4) (6) (5)
Representing Z a (ω) in the phasorial diagram illustrated in Fig. 5 , one leads to Eq. 8.
From Eq. 8, |Z a (ω)| can be directly calculated from Eq. 9, where the eff ective values of i (ω,t) and v(ω,t), respectively I RMS and V RMS , are measured by the proposed data acquisition hardware. Combining Eqs. 8, 9 and 11 results in the very simple Eq. 12, which requires only two parameters to calculate R(ω).
Equation 12 requires a very low computational cost as compared to previous approaches and can be implemented in any microcontroller with low analog to digital sampling rates.
MEASuRInG EMI PARAMETERS
The instrumentation required to obtain P(ω) and I(ω) is very simple and can be illustrated by the block diagram presented in Fig. 7 . 
Working directly with the angle θ can lead to several measuring problems, thus reducing the precision in the calculation of R(ω). To overcome this problem, an alternative solution aiming at measuring the average power consumed by the PZT patch, P, is proposed.
Multiplying Eqs. 4 and 5, one obtains the instantaneous power waveform, s(ω,t) -Eq. (10). Th e graphic representation of this multiplication can be seen in the Fig. 6 . From Fig. 7 , an analogic multiplier circuit is used to obtain s(ω,t) with high precision and stability at frequencies around 400 kHz. Th e resulting time variant part of s(ω,t) is removed by using a second order low pass fi lter (SOLPF) with a cut frequency less than 200 Hz. At last, I(ω) is directly measured through a small dedicated integrated circuit. Considering that the EMI properties of the PZT patch will not vary over the time during the measuring process, P(ω) and I(ω) will not vary over the time either. In this way, the data acquisition rate is no longer an issue. Th us, the circuit can be signifi cantly simplifi ed, as well as the data analysis procedure, which is now reduced to Eq. 11.
COMPLETE ARCHITECTURE OF THE PROPOSED SYSTEM
Th e proposed architecture to measure the EMI of an array of PZT transducers is shown in Fig. 8 . Hardware and fi rmware are described in the following sections.
P EMI : power consumed by the electromechanical impedance; R EMI : resistive part of the electromechanical impedance; A: amplitude. 
HARDWARE ARCHITECTuRE DESCRIPTIOn
If a number of N PZT patches are bonded onto the structure, they cannot be analyzed simultaneously, since the mechanical excitation of a PZT transducer might infl uence the measurement of the others. Each PZT patch should be analyzed individually and a switching system (SS) block is required to activate/ deactivate each transducer (Fig. 7) .
Solid state analog digitally controlled switches (ADCS) are employed to switch the PZT array. Each one is capable of switching N digitally controlled outputs to a common input. Th ree switches are required for each PZT channel in a configuration that compensates for the intrinsic nonlinarites of each ADCS. ADCS1 provides the feedback for the high speed voltage follower (HSVF) for compensating for any non-linearity (in/out capacitances, series resistance etc.) and voltage drop over the shunt resistor and ADCS1. ADCS2 activates/deactivates the main line of each PZT patch. Finally, ADCS3 contains the response V R (ω,t) of the signal applied to each transducer circuit and measured at the respective shunt resistor.
A demultiplexer of x bits to N lines is used to decode the binary word that identifi es each PZT channel on each ADCS. Commercial chips include this demultiplexer for a limited number of switches. When this number is not suffi cient, an external demultiplexer has to be added to the circuit. Th e integrated circuit ADG406BNZ, from Analog Devices Inc., incorporates a 4 to 16 demultiplexer with 1 to 16 analog switches and was used in the prototype.
Th e hardware that measures the required EMI parameters is concentrated on the signal conditioning and measurement (SCM) block (Fig. 8) . Th e fi rst part of this hardware block is the sine wave generator, which is created by a direct digital synthesizer (DDS), AD9850, from Analog Devices. Amplitude and frequency of the excitation are provided to the DDS through a serial port interface (SPI) provided by the digital signal controller (DSC).
In general, i(ω,t) is not measured directly and a shunt resistor is used for this purpose. Figure 8 presents the equivalent simplifi ed circuit used to measure the current of each PZT at an arbitrary channel.
Th e circuit shown in Fig. 9 is commonly used in applications where several PZT patches are bonded to a metallic structure. Th e voltage amplitude applied to the PZT patch is kept constant independently from the PZT impedance variation and the shunt resistor value. Th e excitation signal V R (ω,t) is acquired by using the switch ADCS3, and the signal applied in each PZT patch, V ex (ω,t), is collected by using the ADCS1 switch. Both signals converge to a diff erentiator, leading to V Rshunt (ω,t), which is where: R shunt is the shunt resistor. The system acquires the voltage and current signals varying in time and sends these two signals to an AD734 from Analog Devices, which is a chip that multiplies these two signals to obtain the apparent power, s(ω,t). Simultaneously, the effective current, I RMS , is obtained from an AD536A RMS-DC converter, also from Analog Devices.
The SOLPF eliminates the oscillatory component of the apparent power and isolates the average power consumed by the transducer.
FIRMWARE DESCRIPTIOn
With a few parameters recorded directly on a flash memory or externally defined by a computer system through a USB connection, the developed firmware is intended to work standalone. The flowchart of the firmware code is presented in Fig. 10 .
Initially, the DSP Setup step configures the peripherals to work properly. Then, the Calibration step aims at correcting any non-linearity in the generation of Vex(ω,t) before any measurement is performed. Load/Set Parameters defines the operation mode (baseline or monitoring mode), the number j of PZT patches in the sensing network and the start/stop excitation frequency. In the "baseline mode", the firmware obtains the baseline IS for each PZTj that are recorded in the flash memory. In the "monitoring mode", new FIS are obtained and compared with the baselines. Then, the procedure Activated PZTj selects the next PZT patch to be considered, calculates frequency point ωi and defines the current excitation frequency. At this point, the whole system is ready to start the measurement phase. The procedure Start Signal Generation drives the selected PZTj with Vex(ω,t) during the measuring process. Then, the effective current IRMSi and the average power Pi are measured and averaged several times so that stable values are obtained. When the averaging process is 
Calculate and store R j (ω i ) Figure 10 . Flowchart of the firmware.
finished, the real part of the PZT impedance is calculated and stored in the EEPROM memory. The process is repeated to finally one obtain the real part of the electromechanical impedances (R j ) for all PZT patches. The final operation assesses the damage based on the new CCDs and the baseline references. The process is repeated within a pre-defined time delay to continuously monitor the structure.
EXPERIMENTAL RESULTS
A prototype of the hardware was built to test and validate the proposed SHM system. For this purpose, experiments were conducted in two different structures to verify precision, stability, repeatability and capability of detecting structural modifications (simulated damage) in the studied structures. Two case studies were performed, as presented in the following sections.
CASE STuDY #1 -AluMInuM BEAM
The goal of this first experiment is to verify the accuracy and sensitivity of the prototype as compared with the HP4194A impedance analyzer, which is used as the reference system. Both measurement systems are configured at the arbitrary frequency range of 100 to 110 kHz due to the number of peaks of impedance found in this range. Also, it was intended to reduce the sensitivity to external electrical noise.
Using the same specimen studied by Finzi Neto et al. (2010) and presented in Fig. 11 , a set of IS (containing 401 frequency points) for the patches named PZT 1 and PZT 2 was obtained by using both SHM systems, which are configured to average each frequency point 1,024 times. The averaging process takes only 0.01 s for each frequency point.
The calculated CCD values quantify the difference between the reference IS (HP4194) and its counterpart obtained by the prototype. The results are presented in Fig. 12 .
Qualitatively, it can be clearly seen from Fig. 12 that the IS from the prototype and the impedance analyzer, for each PZT Figure 11 . Aluminum beam used in the first case study.
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Prototype HP 4194A CCD = 0,14% patch, are almost identical. The low CCD damage index, for each PZT patch, quantitatively demonstrates that the prototype's accuracy is high. This quality is essential to identify incipient damage such as the ones simulated in the next case study.
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CASE STuDY #2 -AIRCRAFT PAnEl
The goal of this second case study is to verify the sensitivity of the prototype to detect incipient structural modifications (damage) on a complex structure. In the aluminum aircraft panel presented in Fig. 13(a) , an array of 6 PZT patches was mounted so that the patches were distributed on the support stringers of the structure as shown in Fig. 13(b) .
To verify the capability and sensitivity to detect incipient damage (all simulated), four different structural states were considered. The methodology followed for this case study is described next:
I.
BASELINE → Measurement and storage of the baseline IS of each PZT patch numbered from #1 to #6. II. STATE 1 → Measurement and storage of the first FIS with no structural modifications (pristine condition). This second measurement verifies the stability and precision of the process. III. STATE 2 → Addition of a clip, Fig. 13(c) , to simulate damage on the stringer where PZT #1 is located. IV. STATE 3 → Removal of the clip, inserted on STATE 2, and the first fixation clamp, Fig. 13(d) , to simulate damage close to the stringer where PZT #2 is located. V. STATE 4 → Removal of the second fixation clamp, Fig. 13(e) , to simulate damage close to the stringer where PZT #3 is located.
The experiment was conducted at a controlled room temperature to avoid undesirable shift effects on the IS, as described by Baptista et al. (2012) .
The frequency range applied to each PZT patch of the array is wider (20 -70 kHz) than the one used in the previous case study, with a higher number of frequency points (2,000 points). This is required due to the different types and sizes of the simulated damage applied to the structure.
The test results are presented in Figs. 14 and 15 . At STATE 1, no PZT patch presented a damage index higher than 0.3%, which was obviously expected, since no simulated damage was applied to the structure.
At STATE 2, the inclusion of the clip damage, Fig. 13(c) , is mainly detected by PZT #1 with a damage index of 3.2%. The remaining PZT patches presented much lower damage indexes, which could be used to locate the first simulated damage. STATE 3 applied two modifications to the structure that STATE 1 did not. First, the removal of the clip is identified by PZT #1 with the reduction of the damage index to less than 0.3%, which demonstrates stability on the measurements performed by the prototype. Second, the removal of the fixation clamp close to PZT #2 increased the damage indexes of all other PZT patches. This is mainly due to the severity of the induced damage considered. STATE 4 indicates the removal of the second fixation clamp, close to PZT #3. The corresponding damage index increased to 2.3%. The remaining PZT patches increased their damage indexes due to the severity of the induced damage. However, all these values are lower than those obtained by PZT #3, which could (possibly, but not necessarily) indicate the location of the induced damage.
The overall results indicate that the EMI technique presents high sensitivity to a variety of damage configurations in complex structures. Most importantly, the proposed SHM system is accurate and stable enough to detect these various types of damage.
CONCLUSION
This contribution presented an alternative EMI-based architecture for multiplexed piezoceramic sensors/actuators used in SHM applications. The proposed architecture offers stability, reliability, low cost, and scalability with no need of high speed DAH or specialized hardware. In the present study, only the CCD damage metric was used to assess damage in the monitored structures. However, other damage metrics can be easily implemented in the microcontroller firmware. Then, together with a wireless communication system, the EMI technique can be used for in-service structural monitoring. It was shown that the impedance signals obtained from the prototype are similar to those obtained from a classical impedance analyzer. As the proposed architecture represents significant lower costs and leads to a small size SHM analyzer, it seems to be better suited both for industrial and on-board applications.
